INTRODUCTION
The greenhouse Devonian Period (ca. 418-361 Ma; Kaufmann, 2006 ) is a key interval in the evolution of life on Earth. Plants radiated rapidly and colonized numerous terrestrial habitats (Algeo and Scheckler, 1998) . The fi shtetrapod transition occurred during the early Middle Devonian (Eifelian Stage; Clack, 2009; Niedźwiedzki et al., 2010) . Long et al. (2009 Long et al. ( , 2008 demonstrated that the origin of internal fertilization and live-birth in vertebrates probably took place during the Frasnian. One of the "Big Five" mass extinctions in Earth history occurred just prior to the Frasnian-Famennian boundary (Late Devonian), and extinction rates appear to have remained high through the Devonian-Carboniferous boundary (McGhee, 1996) . Rapid climatic changes, with potential shortterm glaciations, and anoxic events occurred repeatedly from the Givetian to the Famennian (Algeo and Scheckler, 1998; Lüning et al., 2003 Lüning et al., , 2004 Streel et al., 2000) . Moreover, the Devonian System of Euramerica records at least 14 transgressive-regressive cycles of eustatic origin (Johnson et al., 1985) . Several extraterrestrial impact events occurred during the middle and late Frasnian and early Famennian (Claeys and Casier, 1994; Claeys et al., 1992; Wang, 1992; Warme et al., 2002) . Two distinct Late Devonian sequences of fl ood basalt volcanism are reported (Courtillot and Renne, 2003) . Understanding and correlation of these events require high-resolution stratigraphy and dating as well as welldefi ned stage and substage duration estimates. Unfortunately, a robust high-resolution absolute time scale is not yet available (error bars on Devonian stage boundaries vary between ±2.6 and ±3.8 m.y.), and the existing conodont biostratigraphy, with a varying resolution between several hundred thousand to several million years (Kaufmann, 2006) , is not fully capable of resolving these events. Besides chrono-and biostratigraphy, a cyclostratigraphic approach offers the opportunity to refi ne the Devonian chronology. Cyclostratigraphy has been shown to result in the most precise time scales available in the Neogene and has been extensively applied within the Cenozoic and Mesozoic (e.g., Meyers, 2008) . Only few astrochronological studies address Paleozoic greenhouse periods such as the Devonian (Chen and Tucker, 2003; Ellwood et al., 2011) . However, provided a thoughtful study site selection, the application of cyclostratigraphic methods in the Paleozoic can lead to signifi cant refi nements of the geological time scale. The present study provides valuable improvements to the Devonian geological time scale by recognizing astronomical cycles in the Frasnian geological record from western Canada.
MATERIALS AND METHODS

Study Site Selection
For this study, we used magnetic susceptibility data from previously measured stratigraphic sections that provide some of the best exposed carbonate platform margins of Devonian age (Whalen et al., 2000a (Whalen et al., , 2000b . The studied sections were deposited at low paleolatitude along the western continental margin of Laurussia. Magnetic susceptibility sampling was undertaken by Day (2008, 2010) in continuous or near-continuous sections, and the high-resolution sequence stratigraphic framework provides a check on the overlap of magnetic susceptibility data sets from different sections. Magnetic susceptibility samples for this study were collected from measured stratigraphic sections that begin near the western margin of the Southesk-Cairn carbonate platform (section KC) in the east and extend along the southeast margins of the Miette (section AB/W4) and Ancient Wall platforms (sections A/C and MC) exposed farther to the west (Fig. 1) . A detailed facies analysis is beyond the scope of this paper, and the reader is referred to Whalen et al. (2000a Whalen et al. ( , 2000b and Day (2008, 2010) for more detailed stratigraphic information. The bulk of all sections record slope facies ; however, sections KC, AB, MC, and A/C contain the platformal Flume Formation at their base, and section W4 is within the platformal Ronde Formation. As demonstrated by Whalen and Day (2010) , slope facies are usually Geological Society of America Bulletin, May/June 2012 929 characterized by higher magnetic susceptibility values than coeval platform facies. The easternmost locality (KC) records a continuous section through the entire Frasnian (Whalen and Day, 2010) . Sections AB and MC are relatively continuous through about the lower two thirds of the Frasnian, but both contain short, nonoverlapping covered intervals in the Perdrix Formation (Whalen and Day, 2010) . Section AB ended where the terrain became too steep to safely continue sampling, and overlying section W4, from an adjacent thrust sheet, records a continuous exposure of the uppermost Frasnian and lowermost Famennian Day, 2008, 2010) . The lower part of section A/C contains a continuous exposure of the uppermost Givetian and lowermost portion of the Frasnian (Day and Whalen, 2005) . Above a thick covered in- on May 3, 2012 gsabulletin.gsapubs.org Downloaded from terval, the upper part of section A/C records a continuous exposure of the upper Frasnian and lower Famennian (Whalen and Day, 2008) . In the studied sections, these stage boundaries are recognized based on the conodont biostratigraphy as outlined in Klapper and Lane (1989) , Klapper (1997) , and Whalen and Day (2008) . Whalen and Day (2008) documented the magnetic susceptibility stratigraphy and conodont biostratigraphy of the studied sections in terms of the Frasnian Montagne Noire zonation of Klapper (1989) and refi nements to that zonation by Girard et al. (2005) .
Several elements of the study site description combine to give this data set huge cyclostratigraphic potential. First, the available (bio-) stratigraphic framework allows for the detailed correlation of the different sections, and, when combined with the recalibrated time scale of Kaufmann (2006) , they provide a fi rst-order constraint on sedimentation rate. Second, the sampling resolution up to 0.5 m in (near-) continuous sections provides a high-resolution (10-20 k.y.) uninterrupted climate signal covering the entire Frasnian, which is highly suitable for time-series analysis.
Magnetic Susceptibility
Our analysis is based on magnetic susceptibility values of 1655 samples from 1236 m of stratigraphic section measured with a Jacob's staff or tape measure and compass. Conodont and brachiopod biostratigraphic samples were collected where appropriate, and magnetic susceptibility samples were collected every 0.5-1.0 m. Magnetic susceptibility sampling procedures entailed avoiding weathering rinds or rock material with fractures, veins, abundant calcite cement, pyrite, or other obvious diagenetic sulfi des or oxides. Magnetic susceptibility samples were weighed to within 0.001 g and measured on a KLY-3 Kappa Bridge magnetic-susceptibility meter at B. Ellwood's laboratory (Louisiana State University). Magnetic susceptibility values represent an average of three measurements of mass-normalized bulk magnetic susceptibility with units of m 3 /kg. Magnetic susceptibility represents the degree of magnetization of a material in response to an applied magnetic fi eld. The magnetic susceptibility of a sediment varies in proportion to the concentration of detrital-dominated paramagnetic and ferromagnetic minerals and forms a proxy for the rate of supply of impurities delivered to the sedimentary environment (Ellwood et al., 2000) . In the studied section, large-scale magnetic susceptibility variations can be ascribed to relative sea-level changes and millionyear-scale climate changes due to, for example, continental drift or biosphere innovations (Algeo and Scheckler, 1998; da Silva et al., 2009; Mabille and Boulvain, 2007; Day, 2008, 2010) . On a shorter time scale, climate, through the intensity of wind and precipitation, plays a decisive role in determining the respective eolian and riverine fl ux of magnetic minerals to the marine system (Hladil et al., 2006; Riquier et al., 2010) , in this case, the western Canadian sedimentary basin (Fig. 1) . For the Quaternary, the response of different tropical monsoon systems to astronomical forcing has been clearly demonstrated (e.g., Kutzbach, 1981; Kutzbach and Liu, 1997; Tuenter et al., 2003) . Compared to today, the Devonian tropical climate potentially exhibited an even more intense monsoonal circulation (De Vleeschouwer et al., 2011; Streel et al., 2000) , characterized by seasonally wetand-dry climates (Cecil, 1990) . Consequently, it is highly probable that during the Devonian Period, Milankovitch cycles infl uenced the climatic factors controlling the detrital inputs to marine basins (i.e., wind and precipitation) and/or of carbonate productivity, both of which affect the magnetic susceptibility signal (Riquier et al., 2010) . As illustrated by Whalen and Day (2010, their fi g. 14) , the magnetic susceptibility signal in the studied sections is mainly driven by detrital inputs, and thus the role of diagenesis can be considered negligible.
Time-Series Analysis Procedure
The frequency composition of the studied magnetic susceptibility signals was analyzed via spectral analysis, using the multitaper method (MTM; Thomson, 1982) as implemented in the SSA-MTM Toolkit (Ghil et al., 2002) . Before the implementation of spectral analysis, longterm trends were removed from the magnetic susceptibility data by subtraction of the linear trends. A constant spacing (in depth) between sample points in the series was generated by linear interpolation at intervals approximating the average sample spacing. The MTM method was performed using three tapers to compromise between spectral resolution and side-lobe reduction. Small variations in accumulation rate behave like phase modulations and introduce erro neous spectral peaks (Muller and MacDonald, 2000) . We chose the MTM because it averages these side lobes into the main peak and thereby gives a superior estimate of the true spectral power. To assess whether or not the strongest spectral peaks of the magnetic susceptibility signal are statistically different from the red noise spectrum, the 90% and 99% confi dence levels (CLs) were calculated: robust AR(1) estimation, median smoothing window width = (10Δt) -1 , log fi t, f Nyquist = 2/Δt. The continuous wavelet transform was used to decompose the one-dimensional time series into their two-dimensional time-frequency space. This method reveals the persistency of (astronomical) periodicities along the studied sections and provides a tool to detect changes in sedimentation rate through associated changes in cycle thickness. Wavelet software was provided by Torrence and Compo (1998) , using the Morlet wavelet function with wave number 6, zeropadding to the next higher power of 2, spacing between discrete scales (Δj) = 0.25, smallest scale (S 0 ) = 2Δt, and the number of scales = log 2
Frequency-selective fi lters or Gaussian bandpass fi lters are able to isolate and extract the components of signals associated with a specifi c range of frequencies. Here, we employed bandpass fi lters to assess the behavior of a specifi c range of frequencies in a studied signal using the Analyseries software (Paillard et al., 1996) .
Possible Distortions of the Astronomical Frequencies
When interpreting cyclic sedimentary alternations as a consequence of periodic changes in the orbital parameters of Earth, one should be aware of the fact that the assumption of a 1:1 record of astronomical signals in carbonate sediments is questionable (Westphal et al., 2004) . The original astronomical signal can be altered by the climatic system, responding in a non linear way to the applied forcing. Moreover, a sediment column recording climatic changes never represents these temporal changes in a linear manner. For example, variations in sedimentation rate, bioturbation, differential compaction, and pressure dissolution can be responsible for distortions of the orbital frequencies in sedimentary records (Herbert, 1994; Meyers et al., 2001; Ripepe and Fischer, 1991; Schiffelbein and Dorman, 1986) . To account for these possible overprinting factors, some assumptions and restrictions must be incorporated. On carbonate platforms and ramps, sediment production rate is, above other factors, controlled by carbonate productivity. The main trend is a decrease in the carbonate productivity with increasing depth, with maximum carbonate production in reefal environments (da Silva et al., 2009; James, 1997) . Given that each of the studied sections contains at least one transition between basinal and platform lithologies, the accumulation rate can certainly not be considered to be constant throughout the different sections. In depositional environments with different accumulation rates, cycles of equal duration will be expressed by a (2010) demonstrated the absence of signifi cant unconformities and only slight variations in sedimentation rate.
RESULTS AND DISCUSSION
Marmot Crack (MC Section)
Section MC is a relatively thick section (248 m, N = 228; Fig. 2E ) from the southeast margin of the Ancient Wall platform. The section consists of platform sequences in the lower part (Thornton Creek Member and the remainder of the Flume Formation). The progressive decrease in carbonate content throughout the lower part of the Maligne Formation is interpreted to indicate a deepening event, causing a transition from reefal stromatoporoid buildups to slope facies in this section. However, physical continuity was observed between platform and slope facies: Carbonate-rich background sediments characterize most of the Maligne Formation, although coarse-grained redeposited carbonates in the uppermost Maligne Formation signal the onset of slope facies. The Perdrix and Mount Hawk Formations are characterized by slope/basin sequences, which are detached from the platform (Whalen et al., 2000b) . Section MC spans the uppermost Givetian norrisi zone through part of Montagne Noire (MN) zone 12 (Whalen and Day, 2008) . According to the recalibrated Devonian time scale of Kaufmann (2006) , the combined duration of these biozones is ~5.5 m.y. Consequently, an average accumulation rate of ~4.5 cm/k.y. can be calculated for section MC.
The wavelet-analysis time-frequency space reveals a persistent low-frequency (<0.07 m -1 ) cycle ( Fig. 2A) . The 3 MTM-spectral plots (one for the platform facies of the Flume Formation; one for the Maligne Formation; one for the slope facies of the Perdrix and Mount Hawk Formations) also indicate the presence of a lowfrequency cycle by means of a spectral peak near the 90% CL. Although this is not confi rmed by the MTM-spectral plots, the wavelet analysis time-frequency space seems to suggest thinning of the cycles toward the top of the section ( Fig.  2A ). This pattern is consistent with the geology of the section: A relatively higher sedimentation rate is expected in the platform facies of the Considering the biostratigraphically derived average sedimentation rate (~4.5 cm/k.y.), the low-frequency (<0.07 m -1 ) cycle (a few decameters thick) was deposited over at least a few hundred thousand years. Assuming that these decameter-scale cycles are all of (nearly) equal duration and caused by astronomical forcing, they are most likely the result of the 405 k.y. eccentricity cycle (E1). The application of a band-pass fi lter for all periodicities thicker than 10 m (Fig. 2B ) fi ltered out the decameter-scale magnetic susceptibility variations.
The higher-frequency cycles that have been noted between frequencies 0.12 and 0.18 m -1 (Flume Formation) and 0.2 and 0.27 m -1 (Perdrix and Mount Hawk Formations) are 4-5 times thinner than the decameter-scale cycles that are interpreted to be the result of 405 k.y. eccentricity forcing. This frequency ratio suggests that these 3.7-8.33 m cycles are the result of 100 k.y. eccentricity (E2) forcing. The highest-frequency cycles characterized by frequencies between 0.28 and 0.45 m -1 cannot be associated to an astronomical forcing factor. However, given the uncertainties on the Kaufmann (2006) time scale, we investigated a range of plausible sedimentation rates to check for alternative astro nomical interpretations (Table 1) . Since doubling or halving the average sedimentation rate does not offer an alternative astronomical interpretation, high confi dence can be given to the astrochronology of section MC.
Magnetic susceptibility variations in the frequency range of 100 k.y. eccentricity (E2) were fi ltered out by applying a band-pass for periods between 3.7 and 8.33 m (0.12 m -1 -0.27 m -1 frequency range; Fig. 2C ). We calculated the amplitude envelope of these E2 cycles (based on the Hilbert transform), and it shows an extensive similarity to the decameter-scale magnetic susceptibility variations that are associated with the 405 k.y. eccentricity cycle. Figure 2D shows the fast Fourier transform (FFT) of this amplitude envelope, with a clear spectral peak around 0.05 m -1 , corresponding to the 405 k.y. eccentricity cycle. In other words, the 100 k.y. cycles seem to be modulated by the 405 k.y. eccentricity cycles, as is expected from astronomical theory . The >10 m band-pass fi lter output, together with the amplitude envelope of the 100 k.y. eccentricity cycles, leads to the differentiation of thirteen 405 k.y. eccentricity cycles in section MC (Fig. 2B ).
Thornton Creek (Section A/C)
Section A/C (469 m, N = 598, Fig. 3E ) is also from the southeast margin of the Ancient Wall platform. The Marmot Crack (MC) section is 2 km to the south, so the stratigraphy of section A/C is similar to that of section MC. The fi rst 82.5 m consist of platform sequences of the Flume Formation (including the Thornton Creek Member). Because of structural complications, only the lowermost 10 m of the overlying Maligne Formation was sampled. For this reason, the Maligne Formation was added to the Flume platform facies to carry out MTMspectral analysis. This part of the section was sampled at 0.5 m resolution. Between 92.5 and 279 m, the section was largely covered, and only a handful of magnetic susceptibility measurements were carried out and are useless for timeseries analysis. The upper interval from 279 to 469 m of the section was sampled at 0.5 m resolution. As in section MC, the Mount Hawk Formation consists of slope and basin facies. The lower part of the overlying Simla Member (Southesk Formation) includes carbonate-poor argillaceous and silty facies, while the middle and upper part of the Simla Member records the fi nal stage of Frasnian platform progradation. The overlying early Famennian Sassenach Formation records an infl ux of siliciclastics into the basin (Mountjoy and Savoy, 1995) and thus records slightly higher magnetic susceptibility signatures than underlying Simla facies. The fi rst 92.5 m of section A/C span the upper part of the Givetian disparilis zone, the Givetian norrisi zone, and Frasnian MN zones 1 through 3, and part of MN zone 4 (Whalen and Day, 2008) . According to the recalibrated Devonian time scale of Kaufmann (2006) , these biozones have a combined duration of ~1.7 m.y., and an average accumulation rate of ~5.4 cm/k.y. can be calculated. The upper part of section A/C (279-469 m) spans the uppermost part of MN zone 11, MN zones 12 and 13, and the early Famen nian lower and middle triangularis zones (Whalen and Day, 2008) . According to the recalibrated Devonian time scale of Kaufmann (2006) , these biozones have a combined duration of ~4.5 m.y., and an average accumulation rate of ~4.2 cm/k.y. is calculated for this part of section A/C.
The MTM-spectral plot of the lower part of section A/C (0-92.5, N = 186; Fig. 3A) shows a strong and distinct low-frequency peak between frequencies 0.07 m -1 and 0.1 m -1
. Although this spectral peak corresponds to a zone of high spectral power in the wavelet-analysis timefrequency space, this period seems not to be persistent between 50 and 70 m. Also, between frequencies 0.16 m -1 and 0.32 m -1 and between on May 3, 2012 gsabulletin.gsapubs.org Downloaded from ) show a thickening of the cycles throughout these late Frasnian and earliest Famennian deposits. Moreover, just as for the low-frequency cycles, high-frequency cyclicity abruptly stops around 400 m, suggesting that the input of coarsergrained siliciclastic sediments during the early Famennian hindered the development of astronomical cycles in the Famennian magnetic susceptibility stratigraphy of section A/C. Also, the thickening of cycles is in line with geological expectations: A relatively higher sedimentation rate is expected in the prograding platform facies of the Simla Member compared to the slope facies of the Mount Hawk Formation.
Considering the biostratigraphically derived average sedimentation rate (~5.4 cm/k.y. and ~4.2 cm/k.y. for the lower and upper part of section A/C, respectively), the low-frequency cycle (between 9 and 25 m thick in both parts of the section) was deposited over at least a few hundred thousand years. Assuming that these decameter-scale cycles are all of (nearly) equal duration and caused by astronomical forcing, they are most likely the result of the 405 k.y. eccentricity cycle (E1). The application of a band-pass fi lter for all periods between 9 and 25 m (0.04-0.11 m -1 frequency range; Fig. 3B ) fi ltered out decameter-scale magnetic susceptibility variations.
The higher-frequency cycles, which have been noted in the lower part (0.18-0.32 m , have a frequency ratio close to 1:3 when compared to the frequency of the 100 k.y. eccentricity cycles. Therefore, these high-frequency cycles are interpreted as the expression of 33 k.y. obliquity forcing (perio dicity of Devonian obliquity cycle after Berger and Loutre, 1989; Berger et al., 1992) . The highfrequency cycles in the upper part of section A/C (0.4-0.6 m -1
) cannot be associated with an astronomical forcing factor. Table 2 indicates that if the average sedimentation rate is doubled, an alternative astronomical interpretation is possible for section A/C, where the lowest-frequency cycle would correspond to 100 k.y. eccentricity and the meter-scale cycle to obliquity. However, since stratigraphy and formation thicknesses of sections A/C and MC are very similar, it seems highly unlikely that sedimentation rate is significantly higher in section A/C compared to section MC. Therefore, the original astronomical interpretation is favored.
In the lower part of section A/C, magnetic susceptibility variations in the frequency range of 100 k.y. eccentricity (E2) were fi ltered out by applying a band-pass between periods 3.1 and 5.55 m (0.18 m -1 -0.32 m -1 frequency range; Fig.  3B ). Contrary to the case for the MC section, the amplitude envelope of the 100 k.y. eccentricity cycles does not show an extensive similarity with the 405 k.y. eccentricity cycles (Figs. 3C and  3D ). Many reasons can be proposed to explain this mismatch, given the pathway from climate forcing to preservation in the stratigraphic record. Consequently, caution is advised when using the fi ve and a half 405 k.y. eccentricity cycles that are differentiated in the lower part of section A/C (Fig. 3B) . In the upper part of section A/C, 100 k.y. eccentricity cycles were fi ltered out by applying a band-pass between periods 2.5 and 5 m (0.2 m -1 and 0.4 m -1 frequency range). In this case, the amplitude envelope of the 100 k.y. cycles does show similarity with the 405 k.y. eccen tricity cycles. The amplitude modulation of the 100 k.y. cycles by 405 k.y. eccentricity is confi rmed in Figures 3B-3D , so strong confi dence can be put in the astrochronology of the upper part of section A/C (Fig. 3B ).
Poachers Creek (Sections AB and W4)
Section AB (Fig. 4B) is from basin-to-slope exposures along the southeast Miette platform margin, except for the lowermost 24 m of the section, which is composed of carbonate-ramp facies of the Flume Formation. Section W4 consists of the late Frasnian carbonates of the Ronde Member (= Simla Member equivalent), recording platform progradation, and the quartz-rich carbonates of the overlying Sassenach Formation. The Poachers Creek section was sampled at 0.5 m intervals. However, no magnetic susceptibility measurements were carried out between 122 and 149 m in section AB. This interval in the upper Perdrix Formation is poorly exposed and highly condensed. Therefore, this 27-m-thick gap in the data coverage will defi ne the boundary between section AB1 (0-122 m, N = 235) and section AB2 (149-290 m, N = 254; Fig. 4E ). Section W4 (0-67 m, N = 137; Fig. 4E ) covers the youngest interval in the Poachers Creek sections and is from a thrust sheet adjacent to the one where section AB was sampled. For time-series analyses, the magnetic susceptibility signal was broken up into these three different parts (AB1, AB2, and W4), and evaluated separately.
Section AB1
Section AB1 spans MN zones 1-7 and the lower part of zone 8 (Whalen and Day, 2008) . According to Kaufmann (2006) , these combined biozones lasted for ~2.5 m.y., which implies an average accumulation rate of ~4.9 cm/k.y. for section AB1.
Both wavelet and spectral analyses suggest a strong and persistent low-frequency cycle (<0.08 m -1 ), as well as a strong, but less persistent, higher-frequency cycle (0.1-0.22 m -1 ; Fig.  4A ). Considering the biostratigraphically derived average accumulation rate (~4.9 cm/k.y.), the low-frequency cycle was deposited in at least a few hundreds of thousands of years, while the higher-frequency cycle was deposited in 93-204 k.y. These durations, together with the frequency ratio between the discussed low-frequency and higher-frequency cycle (i.e., 1:3-1:5), lead to the interpretation of the lowfrequency cycles as the result of 405 k.y. eccentricity forcing and the higher-frequency cycles as the result of 100 k.y. eccentricity forcing. The application of a band-pass fi lter between Table 3 illustrates that by halving the sedimentation rate, the higherfrequency cycles could be interpreted as 405 k.y. cycles, but this alternative astronomical interpretation is most unlikely since the amplitude envelope of the 100 k.y. cycles varies with the rhythm of the 405 k.y. eccentricity cycles (Figs.  4B-4D ), which can be seen as a confi rmation of the original astronomical interpretation. Based on both the band-pass fi lters and their respective interpretation, four and a half 405 k.y. eccentricity cycles were identifi ed in section AB1.
Section AB2
Section AB2 spans MN zone 9 through part of MN zone 12 (Whalen and Day, 2008) . These combined biozones span ~2.5 m.y. (Kauf mann, 2006) and have an average accumulation rate of ~5.65 cm/k.y.
The MTM-spectral plot shows a very strong low-frequency cycle (<0.06 m -1 peak; Fig. 4A ). Unfortunately, a major area of this cycle in the wavelet analysis time-frequency space lies within the cone of infl uence (COI), in which edge effects become important (Torrence and Compo, 1998) . However, after fi ltering out these decameterscale magnetic susceptibility variations (16.67-50 m periodicity), it becomes clear that these low-frequency cycles are an important component of the section's magnetic susceptibility stratigraphy (Fig. 4B) , both spectral and wavelet analyses suggest an important periodic component (Fig. 4A) . Considering the biostratigraphically derived average accumulation rate (~5.65 cm/k.y.), the low-frequency cycle was deposited in more than 295 k.y., the 6.25-12.5-m-thick cycle (0.08 m ) was deposited in 44-71 k.y. These durations, together with the frequency ratios between the discussed cycles (~1:4 and ~1:3, respectively), lead to the interpretation of the low-frequency cycles as the result of 405 k.y. eccentricity forcing and the higher-frequency cycles as the result of 100 k.y. eccentricity and obliquity forcing, respectively. This interpretation implies that the true average accumulation rate must have been higher than is suggested by biostratigraphy. However, Table 3 shows that if the average sedimentation rate is halved, the higher-frequency cycles can be interpreted as the result of 405 k.y. and 100 k.y. eccentricity forcing, respectively. Still, the original astronomical interpretation is preferred given the large degree of amplitude modulation of the 100 k.y. cycles by the 405 k.y. eccentricity cycles (Figs. 4B-4D ).
The frequency band in the time-frequency space between 0.6 m -1 and 0.8 m -1 (Fig. 4A ) is where one would expect the infl uence of precession. Here, in the time-domain, an alternation between stronger and weaker spectral power can be observed. These alternations seem to behave rhythmically: Parts of the section with a strong spectral power in the precessional frequency domain coincide with maxima in the 100 k.y. eccentricity (6-12 m) band-pass fi lter output (dash-dot lines between Figs. 4A and 4C ). This pattern indicates the amplitude modulation of precession by eccentricity and can be considered a major confi rmation of the astronomical interpretation.
Section W4
Section W4 spans MN zones 13a to 13c and the early Famennian lower and middle triangularis zone (Girard et al., 2005; Klapper, 1989; Whalen and Day, 2008) . The duration of these biozones is ~1.5 m.y. (Kaufmann, 2006) , and an average accumulation rate of ~4.5 cm/k.y. can be calculated.
Wavelet and spectral analyses indicate two strong periodicities in the magnetic susceptibility signal of section W4: decameter-scale cyclicity between 0.05 m -1 and 0.1 m -1 and meterscale cyclicity between 0.22 m -1 and 0.33 m -1 (Fig. 4A) . Considering the biostratigraphically derived average accumulation rate (~4.5 cm/k.y.), the decameter-scale cycle was deposited in 222-444 k.y., and the meter-scale cycle was deposited in 67-101 k.y. These durations lead to the interpretation of the decameter-scale cycles as the result of 405 k.y. eccentricity forcing and the meter-scale cycles as the result of 100 k.y. eccentricity forcing. Only if the biostratigraphically derived average sedimentation rate is more than doubled can an alternative astronomical interpretation be made. Given that an average sedimentation rate of ~9 cm/k.y. is far beyond the range in the studied sections, the original astronomical interpretation is preferred. Decameter-scale and meter-scale cycles were fi ltered out by applying a band-pass fi lter between 10 and 20 m (0.05-0.1 m -1 frequency range) and between 3 and 4.5 m (0.22-0.33 m -1 frequency range), respectively (Figs. 4B and 4C). The amplitude envelope of the meter-scale cycles demonstrates an extensive similarity to the decameter-scale cycles in the upper part of the section. This is not so in the lower part, where the amplitude envelope concatenates the fi rst two decameter-scale cycles (Figs. 4B-4D) . Based on the decameter-scale cycles, four 405 k.y. eccentricity cycles were identifi ed in section W4 (Fig. 4B ).
Klapper Creek (Section KC)
Section KC (332.1 m, N = 266; Fig. 5E ) is from a thrust sheet, to the east of the thrust sheet of section AB. It is situated between the SoutheskCairn platform to the east and the Miette platform to the west (Fig. 1) . Since section KC is positioned only slightly more proximal to terrestrial source areas compared to section AB, its stratigraphy is similar. Just as in section AB, the lowermost 21 m consist of the carbonateramp deposits of the Flume Formation, followed by the slope facies deposited during the Maligne transgression and the basinal units of the Perdrix and Mount Hawk Formations. The carbonates of the Arcs and Ronde Members (Southesk Formation) record a progradational phase. The uppermost part of the section spans the Frasnian-Famennian boundary at or below the contact with the quartz-rich shallow-water carbonates of the Sassenach Formation. For MTM-spectral analysis, the slope-to-basinal Section KC spans the uppermost Givetian, the entire Frasnian, and the lowermost Famennian. In terms of biostratigraphy, this section spans the uppermost Givetian norrisi zone, all 13 Frasnian MN zones, and part of the early Famennian triangularis zone (Klapper and Lane, 1989; McLean and Klapper, 1998; Whalen and Day, 2008) . According to the recalibrated Devonian time scale of Kaufmann (2006) , the duration of these biozones is ~7.7 m.y., and an average accumulation rate of ~4.3 cm/k.y. can be calculated. Between 20 and 250 m in the section, wavelet and spectral analyses indicate a strong and persistent cycle with a frequency between 0.02 and 0.075 m -1 (Fig. 5A ). In the upper part of the section, this decameter cycle seems to increase its frequency to 0.03-0.1 m ) was deposited in 93-211 k.y. These durations, together with the frequency ratios between the low-and higher-frequency cycles (~1:4), lead to the interpretation of the decameter-scale cycles as the result of 405 k.y. eccentricity forcing and the meter-scale cycles as the result of 100 k.y. eccentricity. Even by doubling or halving the average sedimentation rate, no alternative astronomical interpretation can be made (Table 4 ). The decameter-scale cycles were fi ltered out by applying a band-pass fi lter between 13.33 and 50 m (0.02-0.075 m -1 frequency range) in the slope-to-basinal part, and a 10-33.3 m (0.03-0.1 m -1 frequency range) fi ltering in the upper part of the section (Fig.  5B ). In the basinal part of the section, the 100 k.y. eccentricity cycles were also fi ltered out by applying a band-pass between periods 4 and 9.09 m (0.11-0.25 m -1 frequency range; Fig.  5C ). The amplitude envelope of these cycles demonstrates clear modulation by the 405 k.y. eccentricity cycle (Figs. 5B-5D ). This observation reinforces the astronomical interpretation, and, together with the decameter-scale cycles, it leads to the identifi cation of 12 Frasnian 405 k.y. eccentricity cycles in section KC (Fig. 5B) .
Sedimentation Rates
In all studied sections, for every formation and member in which astronomical cycles are recognized, an estimate of the average sedimentation rate was made, based on the average thickness of the astronomical cycles in that formation or member (Fig. 6 ). Average sedimentation rates vary between 2.8 and 8.5 cm/k.y. and are considerably higher in the sections near the Miette platform in the east versus sections near the Ancient Wall platform to the west. This pattern is indicative of the relative position of the section with respect to the platform margin or other platforms. Sections MC and A/C were more distal from the platform margin than AB and KC. They were also much more distal from the eastern/northeastern siliciclastic source than Miette sections AB and KC, which explains their lower magnetic susceptibility values (Whalen and Day, 2010) . Ancient Wall sections MC and A/C exhibit an average sedimentation rate pattern that meets the geological expectations: Carbonate platform units (Thornton Creek Member and Flume Formation) accumulate slightly faster compared to basinal units (Maligne, Perdrix , and Mount Hawk Formations) . However, this model is not repeated in the Miette sections. Here, the highest accumulation rate is found in the Mount Hawk Formation, which records a major increase in magnetic susceptibility. Both the maximum sedimentation rate and high magnetic susceptibility values in this formation are probably due to carbonate-ramp progradation from east to west, resulting in seaward migration of the shoreline and increased siliciclastic input into the sedimentary environments recorded in the Mount Hawk Formation (Whalen and Day, 2010) . In all sections, the shallow-water platform facies (Arcs, Ronde, and Simla Members) overlying the Mount Hawk Formation are characterized by a nearly uniform accumulation rate around 3-4 cm/k.y.
The average sedimentation rate pattern in Figure 6 strongly supports the astronomical interpretation because (1) the patterns of average accumulation rate among sections from the same carbonate platform are very similar, and (2) the average accumulation rate pattern is consistent with the lithological record.
Cyclostratigraphic Calibration of the Frasnian Time Scale
In all studied sections, 405 k.y. eccentricity cycles are recognized. In most of the sections, even 100 k.y. eccentricity cycles are identifi ed, and in section AB2, the infl uence of obliquity and precession is also distinguished. The goal of this study is to correlate astronomical cycles among the studied sections so as to estimate the duration of the Frasnian. Whalen and Day (2008) established correlations among the studied sections based on their magnetic susceptibility signature, conodont biostratigraphy, and sequence stratigraphy. Their investigation provided control on the relative timing of 15 magnetic susceptibility excursions. The astronomical cycles identifi ed in this study provide on May 3, 2012 gsabulletin.gsapubs.org Downloaded from netic susceptibility stratigraphy consists of 16 (±1 counting error) 405 k.y. eccentricity cycles. Therefore, the duration of the Frasnian is estimated at 6.5 ± 0.4 m.y. A rough error estimate of plus or minus one 405 k.y. eccentricity cycle is made, since the possibility exists that a 405 k.y. cycle was either overlooked or counted twice. This study's duration estimate is based on the correlation of the lowest-frequency cycles from four different geological sections, taking into account constraints from the available magnetic susceptibility stratigraphy and biostratigraphy. This procedure signifi cantly reduces the probability of erroneous cycle counting. Moreover, sixty-three 100 k.y. cycles can be counted when the reliable astrochronologies of section MC and the upper part of section A/C are combined. This implies a duration estimate very similar to the duration estimate based on the 405 k.y. cycles and strengthens confi dence in the setting of a quite tight counting error. Errors that arise from uncertainties on the exact stratigraphic position of the Frasnian stage boundaries in the studied sections are in the order of a few meters, and are one order of magnitude smaller compared to the counting error. It is assumed that these uncertainties are already accounted for by the counting error.
The 6.5 ± 0.4 m.y. duration of the Frasnian is considerably different from the one given in the 2004 geologic time scale (GTS2004; 10.8 ± 5.2 m.y.; Gradstein et al., 2004) , but it is still within the margin of error. However, GTS2004 is not seen as the best available time scale for the Devonian because it relies on isotopic ages derived by a variety of methods. Moreover, questions have been raised concerning the reliability and biostratigraphic constraints of these isotopic dates (Pogson, 2009) . However, our estimate is in good agreement with the best available Devonian chronology (Kaufmann, 2006) , which assigns a duration of 7.6 ± 7.2 m.y. to the Frasnian. By considering the error margins on previous estimates of the duration of the Frasnian, it is clear that the present estimate (6.5 ± 0.4 m.y.) is characterized by unprecedented precision and accuracy.
The cyclostratigraphic methods used in this study provide a better duration estimate of the Frasnian Stage and insights into the relative timing of Frasnian substages. Also, by calibrating the geological time scale to the cyclostratigraphically derived duration of the Frasnian, signifi cant improvements to the absolute time scale are made (Fig. 8) . This is done by adding the duration of the Frasnian (including error bars) to the absolute age (including error bars) of the Fras nian-Famennian boundary (after Kaufmann's [2006] chronology). In this way, a new estimate of the absolute age of the GivetianFrasnian boundary is obtained ([376.1 ± 3.6 Ma] + [6.5 ± 0.4 m.y.] = [382.6 ± 4.0 Ma]). When this Givetian-Frasnian boundary age is overlaid with the boundary age from Kaufmann (2006) , one obtains a new age estimate for this boundary (383.6 ± 3.0 Ma), characterized by a significantly narrower error bar compared to Kaufmann (2006) (Fig. 8) . The same procedure can be followed for the Frasnian-Famennian boundary. Subtraction of the duration of the Frasnian from the absolute age of the Givetian-Frasnian boundary (Kaufmann, 2006) leads to a new estimate of the absolute age of the Frasnian-Famennian boundary ([383.7 ± 3. 1 Ma] + [6.5 ± 0.4 m.y.] = [377.2 ± 3.5 Ma]). By overlaying this absolute age with the Frasnian-Famennian boundary age from Kaufmann (2006) , one obtains a new age estimate for this boundary (376.7 ± 3.0 Ma), characterized by a narrower error bar compared to Kaufmann (2006) (Fig. 8) .
CONCLUSIONS
Time-series analysis on magnetic susceptibility variations in different Late Devonian carbonate rocks in western Canada reveals the presence of several persistent periodicities throughout the Frasnian. Thanks to the rough estimates of sedimentation rate (based on biostratigraphy), cyclic ity in the studied sections is ascribed to the different astronomical parameters (eccentricity, obliquity, and precession). The astronomical interpretation of observed periodicities is supported by the presence of several amplitude modulations consistent with astronomical theory, and by average sedimentation rate patterns that are in agreement with lithostratigraphy and with biostratigraphically deduced average sedimentation rates. The recognition of 16 ± 1 405 k.y. eccentricity cycles in each of the studied sections entails a wealth of temporal information and leads to a highly accurate estimate of the duration of the Frasnian (6.5 ± 0.4 m.y.). Starting from the best Devonian time scale available at present (Kaufmann, 2006) , the GivetianFrasnian boundary is recalibrated to 383.6 ± 3.0 Ma, and the Frasnian-Famennian boundary is recalibrated to 376.7 ± 3.0 Ma. In this study, cyclostratigraphic methods proved useful for determining durations of stages. Moreover, they proved their usefulness in recalibrating the absolute age of stage boundaries and in narrowing the error margins on these absolute ages in the Paleozoic. These results unambiguously demonstrate the enormous potential of cyclostratigraphic methods in the Paleozoic. Especially in on May 3, 2012 gsabulletin.gsapubs.org Downloaded from the Devonian, where the uncertainty on the time scale is enormous, these methods permit the uncertainty to be minimized. Such improvements to Paleozoic time scales will undoubtedly prove useful for a wide range of geoscientists.
